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Abstract
Spatial and temporal patterns in three-dimensional ﬂow structure have been linked to
channel morphology and processes in many environments, including river meander bends,
conﬂuences-diﬄuences, and bedrock canyons. However, there is not yet an understanding
of how channelized and gradual, distributed lateral outﬂows that are often prevalent in
deltaic distributary systems inﬂuence three-dimensional ﬂow structure and sediment transport mechanisms. This thesis presents an analysis of 3D ﬂow structure data collected from
Wax Lake Delta, a naturally developing river-dominated delta in the northern Gulf of
Mexico. Three hydrographic surveys were conducted using boat-mounted acoustic Doppler
current proﬁler (ADCP) at two sites: an asymmetrical bifurcation and a distributary channel experiencing distributed lateral outﬂow. Flow structure data from these surveys were
investigated to identify secondary circulation cells induced by lateral outﬂow, which may
inﬂuence the sediment transport to the islands. Spatial patterns in ﬂow structure were
also compared to previous numerical modeling and experimental studies on open channel
diversions and compound channels to deﬁne the preconditions behind the formation of
these secondary cells. The results are then used to develop a conceptual model linking
the formation of secondary circulation cells and suspended sediment transport from the
distributary channels to interdistributary islands in a delta. The results suggest the mechanisms of sediment transport into the islands from the channels may depend on a threshold
momentum ﬂux ratio per unit length of outﬂow value of which lies in between 0.211km−1
and 0.344km−1 . This study provides the ﬁrst detailed quantiﬁcation of ﬂow structure in
an actively prograding river delta and oﬀers important implications for coastal restoration
by linking coastal sediment transport mechanism to patterns in ﬂow structure.

vi

Chapter 1
Introduction
Coastal wetland loss is a major issue in the state of Louisiana, United States. The
state has been losing coastal wetlands in the size of a football ﬁeld every hour since 1985
[Couvillion et al., 2011]. Coastal regions worldwide are currently facing this similar problem because of their susceptibility to sea-level rise (SLR) and subsidence. The Mississippi
River delta is a prime example that has already lost one-third of its wetland area since the
European settlement of North America [Day et al., 2000]. In addition to SLR and subsidence, land loss in the Mississippi River delta is exacerbated by the reduction of sediment
supply from upstream due to dam construction and various river control structures like
levees, which have eﬀectively disconnected the river from its wetlands [Paola et al., 2011].
As a result, these wetlands are deprived of sediment input and are unable to keep up with
subsidence and the rising sea-level. The Louisiana Coastal Master Plan [CPRA, 2012, 2017]
is a $50B coastal restoration and protection program aimed at designing and maintaining a
sustainable Louisiana coastal region. One potential design solution for mitigating land loss
is engineered sediment diversions, which will divert sediment and water from the river onto
the presently sediment starved delta plain. The basic scheme for this is to create controlled
openings that divert water and sediment onto the target wetlands and initiate the formation of deltas by capitalizing on natural land-building processes [Temmerman et al., 2013;
Temmerman and Kirwan, 2015]. The solution to these challenging problems has become
of great importance for current and future scientists, engineers, and policymakers.
Deltas are places where natural land building processes take place. A river delta is a
coastal sedimentary deposit with both subaerial and subaqueous parts, formed by deposition of river-borne sediment at the edge of a standing waterbody, in most cases an ocean,
but sometimes a lake or a reservoir [Seybold et al., 2007]. Deltas consist of distributary
channels and interdistributary islands. Interaction between these channels and islands is
subject to environmental drivers such as discharge, vegetation, tide, storms, and cold fronts,
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which impact sediment transport and the ability of a delta to build land. It is, therefore,
imperative to study the hydrodynamics that dictate sediment transport between channels
and interdistributary islands, which will be useful for restoration planning.
Deltaic environments are known to have distinct hydraulic connectivity between channels and islands [Hiatt and Passalacqua, 2015] (see Fig. 1.1 for a schematic). For example,
at Wax Lake Delta in Louisiana, Hiatt and Passalacqua [2015] found that nearly 50% of the
water entering the delta is transported through the vegetated island interiors from the channels via overbank ﬂow and through lateral secondary channels. This result has been veriﬁed through numerical modeling [Hiatt and Passalacqua, 2017] and ﬂow pattern analyses
at Wax Lake Delta [Shaw et al., 2016]. The connectivity is modulated by discharge, tides,
and the presence of vegetation [Hiatt and Passalacqua, 2015, 2017]. Transition between
the channelized and unchannelized delta front is known to control the morphodynamic
evolution of a river delta [Shaw et al., 2016].
Three-dimensional ﬂow structure in river deltas is believed to be inﬂuenced by hydraulic connectivity between channels and interdistributary islands [Wright et al., 2018],
but there remain no direct observations of how unchannelized outﬂow (UO) over subaqueous levees and channelized outﬂow (CO) through secondary channels inﬂuence secondary
ﬂow structure and sediment transport mechanisms. There are several analogical systems
to UO and CO in open channel hydraulics such as channel diversions, side weirs, and compound channels, which are well studied concerning ﬂow structure and sediment transport.
These studies can be used as a reference for better understanding the phenomenon of lateral
outﬂow in a deltaic environment. In these studies, diversions, side weirs, and compound
channels are observed to induce a complex three-dimensional turbulent ﬂow ﬁeld, which
is believed to have a critical relationship with the transport of sediment both within and
outside of the main channel.
Components of a three-dimensional ﬂow ﬁeld are commonly divided into two elements:
primary and secondary ﬂows. Primary ﬂow typically represents the component parallel to
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Figure 1.1. Schematic diagram of lateral outﬂow processes in a delta. Figure modiﬁed
from Hiatt and Passalacqua [2015]. (A) An example of a bidirectional channelized system
where direction of ﬂow depends mainly on water-level gradient due to tide, wind, or river
input. Also ﬂow inside the island can be bidirectional because of the above reasons. (B)
Unidirectional channelized outﬂow. (C) Flow over subaqueous levees i.e. unchannelized
lateral outﬂow. Flow velocity inside the channel decreases from upstream to downstream.
the main direction of bulk ﬂuid motion and secondary ﬂows are the components perpendicular to this [Pattison]. Secondary ﬂow is also deﬁned as any ﬂow structure superimposed
on the primary ﬂow, usually with a strength that is an order of magnitude weaker than the
primary ﬂow [Citerone, 2016]. Flow structure analysis is useful for identifying the dynamic
relationship between ﬂow and morphology in systems like meander bends [Frothingham
and Rhoads, 2003; Daniels and Rhoads, 2004; Sukhodolov , 2012; Engel and Rhoads, 2016;
Konsoer et al., 2016; Engel and Rhoads, 2017], river conﬂuences [Rhoads and Kenworthy,
1998; Lane et al., 1999; Serres et al., 1999; Rhoads and Kenworthy, 1999; Lane et al., 2000;
Rhoads and Sukhodolov , 2001; Parsons et al., 2005, 2006; Szupiany et al., 2009; Miyawaki
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et al., 2010], and bedrock canyons [Venditti et al., 2014]. These studies indicated the existence and inﬂuence of coherent secondary ﬂow structures formed due to channel geometry,
centrifugal forces, and bed roughness.
Wax Lake Delta (WLD) in coastal Louisiana is the unintended result of a ﬂood mitigation project that is now considered a proxy for land-building restoration eﬀorts. It has
created approximately 100 km2 of new deltaic surface since its subaerial emergence in 1973
[Roberts, 1998; Wellner et al., 2005]. WLD provides an ideal natural laboratory to study
the physical, ecological, and geochemical processes involved in delta development. The
exchange of water and sediments among the channel and islands through lateral channels
and overbank transport also makes it a suitable location to study the secondary velocity
structures induced by lateral outﬂow and compare them to the analogous systems indicated above. It has been observed in previous studies that at the downstream part of
WLD, a water-level gradient exists between the channel and inundated islands [Hiatt and
Passalacqua, 2017]. As sediment is transported from the channels to the islands, natural
levees are formed at island edges [Adams et al., 2004]. Morphologic studies of levees in
WLD have found gently sloped and widespread natural levees at the edges [Bevington and
Twilley, 2018] of downstream parts of the islands and also, minimal turbulent mixing in
these unconﬁned zones [Shaw et al., 2016], which indicate an advective transport mechanism [Adams et al., 2004]. However, during ﬂoods, when the discharge and ﬂow velocity is
higher, turbulent activities should be high enough to dominate the transport process and
it has been observed by Bevington and Twilley [2018] that the levees formed after a major
ﬂood are narrow and steep. These steep levees are also regarded as an important part of
the evolution of island morphology and they are typical results of sediment transport as
turbulent diﬀusion [Adams et al., 2004]. That poses an important research question regarding a threshold momentum of lateral outﬂow for which a shift from advective to turbulent
diﬀusion mechanisms may occur.
The goal of this thesis is to analyze the secondary ﬂow structure induced by lateral
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outﬂow in a deltaic environment and characterize its inﬂuence on sediment transport mechanisms. The natural levee morphology of the islands at WLD, along with the visualization
of secondary ﬂow structures, can provide an understanding of the sediment transport mechanism. In this thesis, the ﬂow structure in distributary channels subject to both channelized
and unchannelized lateral outﬂow is studied and the results are compared to ﬂow structure
from the experimental and numerical modeling eﬀorts from literature. Later, based on the
levee morphology at WLD reported by other literature, a conceptual model linking the
ﬂow structure with sediment transport mechanism is proposed. This knowledge of threedimensional ﬂow structure will be helpful to quantify the impact exerted by such outﬂow
on the transport of sediment, nutrients, and passive organisms, and to better understand
the mechanisms of sediment transport in prograding river deltas. This thesis addresses the
following research questions:
1.1

Research Questions and Hypotheses

1. How does lateral outﬂow aﬀect the three-dimensional ﬂow structure within delta
distributary channels?
2. What eﬀect does the type of lateral outﬂow, channelized or unchannelized, have on
the strength, direction, and overall pattern of secondary circulation cells?
3. Does lateral outﬂow impact the mechanism of sediment transport from the channel
to the island? What conditions favor advection versus turbulent diﬀusion?
Based on the research questions, ﬁeld surveys were performed to address the following
hypotheses:
1. Lateral outﬂow, both channelized and unchannelized, induces secondary circulation
cells in the main distributary channel.
2. These secondary cells can carry sediments and particles to the islands from the distributary channels.
5

3. Secondary circulation cells can only be formed if a lateral momentum ﬂux threshold
is reached.
This document is organized as follows: Chapter 2 reviews the literature pertaining to
geomorphology of WLD, ﬂow structure studies in other environments, lateral outﬂow in
open channel hydraulics problems, and levee formation. Chapter 3 contains information
regarding study site, data collection, pre, and post-processing. Results from the ﬁeld trip
and analysis, as well as a discussion of the implications of these results in understanding
the ﬂow dynamics of lateral outﬂow, its impacts on transport mechanisms in the delta, a
conceptual model based on the results are presented in chapter 4. A brief summary and
conclusion are contained in Chapter 5, which is subsequently followed by a description of
future works in Chapter 6. Finally, Appendix A contains the data summary and appendix
B contains the ﬁeld conditions during the survey period. This contribution is a step in an
ongoing eﬀort to understand the hydrodynamics of lateral outﬂow in a river delta.
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Chapter 2
Literature Review
2.1

Flow Structure
Flow structure is the pattern of primary and secondary velocities of water ﬂowing

through a system. Field measurements and numerical modeling have been used to analyze
ﬂow structure in meander bends [Daniels and Rhoads, 2003; Frothingham and Rhoads, 2003;
Daniels and Rhoads, 2004; Engel and Rhoads, 2012; Sukhodolov , 2012; Engel and Rhoads,
2016; Konsoer et al., 2016; Engel and Rhoads, 2017], conﬂuences [Rhoads and Kenworthy,
1998; Lane et al., 1999; Serres et al., 1999; Rhoads and Kenworthy, 1999; Lane et al., 2000;
Rhoads and Sukhodolov , 2001; Parsons et al., 2005, 2006; Szupiany et al., 2009; Miyawaki
et al., 2010], and bifurcations [Neary and Odgaard , 1993; Hardy et al., 2011; Kleinhans
et al., 2013; Marra et al., 2014]. However, there is limited information on ﬂow structure in
coastal environments and such data is of urgent need considering the focus on nature-based
restoration solutions throughout coastal regions, especially Louisiana.
A detailed analysis of ﬂow structure provides insight into the interacting primary and
secondary components of velocity. The primary component of ﬂow velocity indicates the
component in the direction of bulk ﬂow. The secondary component is any component that
is superimposed on the primary, usually with a velocity that is an order of magnitude
lower than the primary. Vertical or horizontal vortices or helical motion in the ﬂow are
representative of the secondary components of ﬂow. Three-dimensional (3D) ﬂow structure provides the quantiﬁcation of both these components and from that the interaction of
these components with the nearby environment can be identiﬁed. Speciﬁcally, secondary
components are turbulent structures driven by the anisotropy and inhomogeneity of turbulence [Tominaga and Nezu, 1991; Nezu and Onitsuka, 2001]. These turbulent structures
can be categorized as either coherent or incoherent based on their period of existence. A
turbulent structure will be coherent if it is present in the ﬂow for a relatively long time
and whereas incoherent structures are transient phenomena. Coherent turbulent structures
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can signiﬁcantly inﬂuence a ﬂuvial system by entraining sediment particles to be carried
in suspension [Dwivedi et al., 2011]. The analysis of ﬂow structure thus helps to clarify
the dynamic relationship between hydrodynamics and geomorphology in diﬀerent ﬂuvial
systems.
In general, scientists use ﬂow structure to understand the relationship between hydrodynamics and morphology in the environment. For example, Zinger et al. [2013] investigated
the ﬂow structure and shear stress at two chute cutoﬀ channels in a meandering river.
They used the 3D ﬂow structure data to identify the separation zones and helical cells
both upstream and downstream of the cutoﬀ channels and based on the results, presented
a conceptual model for chute cutoﬀ dynamics. Flow structure is also a criterium used to
validate numerical morphodynamic and hydrodynamic models and indicate features that
are often missed in the simulation. Venditti et al. [2014] investigated the 3D ﬂow structure
at bedrock canyons and found a pair of coherent counter-rotating ﬂow structures that promote deep scouring of bedrock channels and undercutting of canyon walls. The observed
ﬂow structure in bedrock canyons was more complicated than assumed in the models used.
The ﬂuid ﬂow models used for analyzing ﬂow and sediment transport can be improved
signiﬁcantly using observation data of ﬂow structure. Models may fail to answer questions
regarding dynamic coupling between ﬂow and nearby morphology- as it becomes increasingly diﬃcult to incorporate all the variables existing in an environment [Baar et al., 2019].
Experimental and numerical models do have their beneﬁts of controlled environment, but
often for environments like deltas, it remains a challenge to deal with factors like tide,
vegetation, backwater, discharge, grain size altogether in modeling and direct observations
are needed to understand the physics. Though high-detail models of the three-dimensional
patterns in ﬂow exist for prograding deltaic systems [Hiatt and Passalacqua, 2017; Shaw
et al., 2018], there remains a lack of synoptic ﬁeld measurements of ﬂow structure resulting
from channelized and unchannelized lateral outﬂow from deltaic channels.
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2.2

Lateral Outﬂow in a River Dominated Delta
Lateral outﬂow in a river delta is one of the major factors controlling the morphody-

namic evolution of the system [Shaw et al., 2016]. It has been shown that the distributary
channel systems of river deltas lose approximately 50% of discharge through lateral outﬂow
to the islands [Hiatt and Passalacqua, 2015, 2017; Shaw et al., 2016] and the mechanism
may also inﬂuence the transport of suspended sediments to the islands [Shaw et al., 2016].
The hydraulic connectivity between channels and islands in a river delta [Hiatt and Passalacqua, 2015] occurs through lateral outﬂow and it is predicted that, three-dimensional
ﬂow structure in the distributary channels should be inﬂuenced by the hydraulic connectivity [Wright et al., 2018]. The lateral outﬂow takes place in two forms: through secondary
channels and through overbank ﬂows at the downstream part of the delta with subaqueous
levees. There are currently no ﬁeld observations of ﬂow structure from a prograding river
delta available in the literature. It is unclear how the inﬂuence of channelized and unchannelized outﬂow aﬀects secondary ﬂow circulations and how they may aﬀect the sediment
transport mechanism to the islands. However, the outﬂow mechanisms are analogous to
some well-studied open channel hydraulics problems like diversions, side weirs, and compound channels with ﬂoodplain. These analogous systems can be used as references to
understand the hydrodynamics of lateral outﬂow in river dominated deltaic environments.
2.2.1

Flow Structure and Sediment Transport in Diversions

River diversions are structures engineered to divert ﬂow and sediments from the river
channel to nourish and sustain coastal wetland systems, irrigation, and to prevent ﬂooding
downstream. Design parameters of a diversion dictate the ratio of sediment and water ﬂux
allocated to both the diversion and main channels. Bulle [1926] ﬁrst observed the eﬀect of
the secondary ﬂow induced by the ﬂow capture by the diversion that causes the nonlinear
distribution of sediment traveling into the diversion. This phenomenon is known as the
Bulle eﬀect [Dutta et al., 2016, 2017]. Sediment capture eﬃciency of a diversion is generally
deﬁned with respect to a parameter called sediment water ratio (SWR) which is the ratio of
9

sediment concentration in the diversion and the main channel [Gaweesh and Meselhe, 2016].
Gaweesh and Meselhe [2016] presented an analysis of critical parameters aﬀecting sediment
capture eﬃciency of a diversion and used numerical modeling to show that the sediment
capture eﬃciency does not strongly depend on the diversion horizontal alignment angle for
very ﬁne and ﬁne sand as suspended load. The elevation diﬀerence between the diversion
channel bottom and main channel bottom for a 90°diversion, on the other hand, had a
signiﬁcant eﬀect on the eﬃciency, which tends to increase with increasing lateral channel
primary channel depth ratio until the ratio reaches 0.85. Again, for the 90°alignment angle
and increasing diversion size, the eﬃciency increases non- linearly when the lateral channel
to main channel discharge ratio is below 0.1 [Gaweesh and Meselhe, 2016]. Quantiﬁcation
of sediment capture eﬃciency based on SWR assumes that the amount of sediment diverted
is directly proportional to the amount of diverted water. The assumption is argued as the
experiments done by Bulle [1926]; Herrero et al. [2015] and numerical modeling performed
by Dutta et al. [2016, 2017] have shown that for coarser sediments the percentage of sediment diverted at the channel bottom is substantially higher than the percentage of ﬂow
being diverted. A further robust and universal deﬁnition of SWR was discussed later by
Dutta and Garcia [2018].
Since the ﬁrst experiments performed by Bulle, there have been numerous studies
exploring the mechanisms behind the Bulle eﬀect and sediment transport mechanism for
diversions. In his experiments, Bulle found two recirculation zones (Fig. 2.1 (a)), one inside
the diversion and another downstream of the diversion in the main channel on the opposite
bank. The existence of the three-dimensional ﬂow structure and secondary circulations in
these systems were discovered later by the experiments and numerical models of ﬂow in
diversions. Neary and Odgaard [1993] studied the ﬂow through a 90°diversion in a ﬂume
and conﬁrmed the results of Bulle [1926], ﬁnding that the underlying ﬂow features were
highly three-dimensional (3D). Additionally, elements of the ﬂow structure including the
separation zone and secondary circulation strength depend on the bed roughness of the
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main channel and the velocity or discharge ratio between the main and diverted channel
[Neary and Odgaard , 1993]. While progress has been made, there remains a lack of analyses
on the eﬀects of the upstream separation zone on secondary circulation at the diversion.
Prior analyses have shown that skew-induced vorticity caused by an imbalance between
the transverse pressure gradient, shear, and centrifugal forces, was the primary source of
secondary circulation cells at a diversion [Neary and Odgaard , 1995]. Vorticity production
by Reynolds stress anisotropies (RSA) were found to be relatively insigniﬁcant compared
to the skew induced vorticity, though some authors McLelland et al. [1995] believe RSA
may signiﬁcantly act to enhance or decay the circulation cells.
Later Neary et al. [1999] developed a three-dimensional numerical model employing
the 3D RANS equations closed with the κ − ω turbulence model to study inﬂows through
lateral intake based on the experiment results and discussions of Neary and Odgaard [1993]
(Fig. 2.1 (b)). Here, for the same depth and width ratio between the intake and main
channel, the authors described two circulation cells; one clockwise (with intake on the left
side of downstream direction) inside the lateral intake and the other one counterclockwise
downstream of the intake in the main channel. For a similar setup Ramamurthy et al.
[2007] developed a numerical model using the 3D two-equation turbulence model and set
up experiments and found reasonable validation. This model provides the same circulation
direction as Neary et al. [1999] in the lateral intake, but there were some discrepancies
regarding the vortex size and the authors suggested the use of higher-order turbulence
models to resolve the issue.
Nearly all experiments performed for 90°diversions used a non-erodible bottom, which
cannot capture the bed-elevation dynamics present in the ﬁeld. Herrero et al. [2015]
ﬁlled this gap and conducted experiments on the water ﬂow and sediment transport in a
90°channel diversion with an erodible bottom. The authors reported a dependence of sediment transport through a diversion on water discharge and topographic evolution. They
provided a detailed description of topographic evolution for such diversions and found
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(a)

(b)

Figure 2.1. (a)Diversion with an angle of 30/degree, reproduced from Bulle [1926] by Dutta
et al. [2017]. The arrows indicate ﬂow direction and the grey areas represent recirculation
zone. (b) Flow ﬁelds associated with lateral intake. Figure modiﬁed from Neary et al.
[1999]
a threshold momentum ﬂux ratio for which a depression forms in the main channel. A
relationship between the strength of vertical vortices downstream of the diversion and momentum ﬂux associated with the lateral ﬂow was proposed in this investigation and the
authors suggest these vortices act as a blocking mechanism for the sediments, capturing
and directing it towards the branch [Herrero et al., 2015]. Recent numerical modeling efforts [Dutta et al., 2016, 2017] showed the formation of strong secondary ﬂow circulation
at the diversion, which resulted in most of the ﬂow near the bottom entering the lateral
intake. The Large Eddy Simulation (LES) done by Dutta et al. [2017] was able to capture
the results from other experimental studies like the inverse relationship between the width
of the separation zone with depth and the clockwise rotating secondary current in the lateral channel, which is on the left side of the downstream direction and counterclockwise
rotating cell (looking upstream) in the main channel after the diversion. Dutta et al. [2017]
conducted the simulation for varying diversion angles, ﬂow divisions, and sediment sizes
and found a dependence of sediment distribution at the diversion on the Rouse number of
sediment.
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2.2.2

Flow Structure and Sediment Transport in Side Weirs

Nearly all of the 90°diversion studies focus on systems where the main and lateral
channels have the same bed elevation. Flow structure and sediment transport mechanisms
for systems with discordant (diﬀering) bed elevations can be diﬀerent from the abovementioned studies because the Bulle eﬀect concept has only been established for nondiscordant bed systems. Side weirs, structures generally used for irrigation techniques, ﬂood
protection, and sewer networks, provide an analogous system for discordant bifurcations
that have been well-studied in the ﬂow structure literature. The lateral outﬂow through side
weirs depends on ﬂow depth, approach velocity, outﬂow angle, and side weir channel shape
for increasing Froude number [Hager and Volkart, 1986]. Elements of channel bedform
morphology are impacted by the lateral outﬂow through side weirs [Rosier et al., 2011;
Michelazzo et al., 2016; Paris et al., 2012], which indicates there are considerable eﬀects of
channel discordance on ﬂow structure and subsequently, sediment transport. Using ﬂume
experiments Michelazzo et al. [2016] found that for subcritical channel ﬂow, bed morphology
near the side weir is aﬀected by the outﬂow through erosion, deposition, and the formation
of a positive bed step both upstream and downstream. 3-D eddies forming at the side
weir divert sediments into the weirs and the eﬃciency of the side weir transport process
is dependent on turbulent intensity in the main channel, local bed morphology, and weir
geometry [Michelazzo et al., 2016]. However, it remains unclear the orientation and type
of eddies produced by lateral outﬂow through discordant channels.
2.2.3

Flow Structure and Momentum Exchange in Compound Open Channels
with Floodplain

In many rivers, the ﬂoodplain bottom is generally higher than the main channel bottom,
and therefore during ﬂoods, the river consists of a relatively deep main channel and shallow
ﬂoodplains, which is known as a compound channel. The unchannelized lateral outﬂow at
the downstream part of the delta is analogous to the compound channels studied in ﬂuvial
settings. The characteristics of compound channel ﬂow structure are recognized by the ﬂow
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speciﬁcally in the junction zone between the main channel and ﬂood plain [Tominaga and
Nezu, 1991]. There have been several experimental [Tominaga and Nezu, 1991; Shiono and
Knight, 1991; Nezu and Onitsuka, 2001; Yang et al., 2007; Zeng et al., 2016; Azevedo et al.,
2017; Proust and Nikora, 2019] and simulation [Naot et al., 1993; Cokljat and Younis, 1995;
Naot et al., 1996; Soﬁalidis and Prinos, 1999; van Prooijen et al., 2005; Kang and Choi,
2006] studies on turbulent ﬂow structures and momentum exchange for compound channels
with and without vegetation.Tominaga and Nezu [1991] measured secondary currents in
compound channels using ﬁber optic Laser Doppler Anemometer (LDA). For Froude number ranging from 0.312-0.415, they found the existence of a counter-rotating vortex at the
main channel junction with secondary velocity 4 % of the primary velocity, and the vortex
size appeared to be aﬀected by the depth ratio between the ﬂoodplain and main channel.
A similar depth dependency of turbulence intensity was also reported by Azevedo et al.
[2017]. Secondary current intensity and turbulent energy at the junction increases with increasing Froude number and vegetation [Nezu and Onitsuka, 2001]. The existence of large
horizontal coherent structures (LHCS) caused by Kelvin-Helmholtz instability formed at
the interface of low ﬂow on the ﬂood plain and high ﬂow in the main channel, may play a
signiﬁcant role in the lateral momentum exchange in compound channels [Nezu and Onitsuka, 2001; van Prooijen et al., 2005]. van Prooijen et al. [2005] proposed that the LHCS
dominates the momentum exchange, and secondary circulation is of relatively minor importance. Truong et al. [2019] found that presence of vegetation dominates the shear layer
properties and enhance occurrence of LHCSs, which draws more ﬂow towards the ﬂoodplain while dampening the eﬀects of the depth ratio. Proust and Nikora [2019] have done
an extensive experimental study on the eﬀects of transverse currents on compound channel
ﬂow structure and the results are very relevant to the current study. The authors observed
the secondary currents (SC), Kelvin-Helmholtz type coherent structures (KHCS or LHCS)
caused by shear instability at main channel-ﬂoodplain junction, turbulent large (LSM),
and very large-scale motion (VLSM). They have found that for higher Froude numbers
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(0.4-0.7), in case of transverse currents towards the ﬂoodplain, three secondary circulation
cells exist: two counter-rotating cells in the main channel and another one on the ﬂood
plain (Fig. 2.2). If the direction of the transverse current was reversed, there was only one
cell observed in the main channel. Unlike Tominaga and Nezu [1991] Proust and Nikora
[2019] found that though topography is a main driver for the secondary cells, bed roughness
can act as stimulant to the cell strength.

Figure 2.2. Conceptual ﬁgure showing (a)the ﬂow Structure mechanisms in compound
channel with uniform reference ﬂow (b)transverse current towards main channel (MC),
and (c) towards ﬂoodplain. Figure modiﬁed from Proust and Nikora [2019]
2.3

Sediment Transport and Natural Levee Formation
Natural levees often form in compound channels where the ﬂow transition occurs from

the main channel to the ﬂoodplain [Branß et al., 2016]. As discussed earlier, the velocity shear in this zone causes the formation of LHCS and has essential implications for
momentum exchange from the main channel to ﬂoodplain. The formation of subaqueous
natural levees, and related sediment transport mechanisms, can be useful to understand
the transport at unchannelized outﬂow at subaqueous levee zones of river deltas [Adams
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et al., 2004; Rowland et al., 2009, 2010; Mariotti et al., 2013; Branß et al., 2016]. Adams
et al. [2004] divided the levee growth process in principle into two types based on the sediment transport method: turbulent diﬀusion and advection. For the turbulent diﬀusion
process, sediment is transported to the ﬂoodplain through the shear eddies (LHCS) and as
these shear eddies move downstream, their turbulent intensity decreases, consequently the
suspended sediment concentration also decreases downstream. Such levees are narrow and
steep and become ﬁner grained away from the channel. In the second process, transport is
mainly advective and controlled by the diﬀerence in water-level between the channel and
ﬂoodplain. Such levees are gently sloped and widespread. For a ﬂuvial system with higher
degree of connectivity, the establishment of water surface gradient between the channel and
ﬂanking ﬂoodplain is inhibited, causing sediment transport by turbulent diﬀusion [Adams
et al., 2004]. In an experiment on levee growth process by turbulent diﬀusion, Branß et al.
[2016] observed along with the horizontal eddies or LHCS, longitudinal turbulence interacted with and intensiﬁed the existing eddies and sediment transport to the ﬂoodplain. The
longitudinal turbulence [Branß et al., 2016] is, in fact, the secondary currents previously
observed by Tominaga and Nezu [1991]; Nezu and Onitsuka [2001]; Proust and Nikora
[2019].
2.4

Geomorphology and Lateral Outﬂow at Wax Lake Delta
Wax Lake Delta (WLD) is one of the few locations in coastal Louisiana that is ac-

tively building new land [Paola et al., 2011]. The hydraulic connectivity between distributary channels and interdistributary islands at WLD was studied by Hiatt and Passalacqua
[2015], who found that 23-54% of the discharge through the initial bifurcation goes through
islands via secondary channels and overbank ﬂows. Transport of suspended sediments from
the distributary channels to interdistributary islands also occurs through these secondary
channels and through over bank ﬂow at the unchannelized delta front. Hiatt and Passalacqua [2017] investigated the hydraulics associated with the transition from channelized to
unchannelized ﬂow at WLD and found that the lateral outﬂow is a function of vegetation
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roughness while river discharge has a limited impact. Shaw et al. [2013] investigated the
erosional nature of WLD distributary channels and found that they are erosional but become depositional 7.4km downstream from apex. Channel erosion at WLD due to sand
accounts for an average of 51% of erosion within channel reaches. The propensity for deposition or erosion at WLD varies between the channelized and unchannelized portions of the
delta [Shaw and Mohrig, 2014]. During high ﬂow, the delta front aggrades in all directions
except for the channel margins, and in case of channels, channel beds are aggraded, but
the sidewalls of sand shoals are eroded. During low ﬂow, sedimentation is limited to the
proximal levees of subaqueous channels, and bed aggradation becomes minimal due to low
sand input. At the delta front lateral turbulent mixing from hydrodynamically unstable
ﬂow is minimal and sediment transport in this region is driven by advection of ﬂow [Shaw
et al., 2016]. Hiatt and Passalacqua [2017] also showed that the water-level within islands
is typically lower than the water level within the channels, which creates a lateral pressure
gradient that should lead to advection-driven transport[Adams et al., 2004].
Bevington and Twilley [2018] performed a LIDAR elevation survey of WLD and found
that the age and distance within age can be used as signiﬁcant predictors of island edge
cross-sectional morphology and the shift in morphology can occur very rapidly during
large ﬂoods. The younger, more distal islands with recent deposition have wider levees and
gradual interior slope [Bevington and Twilley, 2018], which again suggests that sediment
is transported to islands via advection [Adams et al., 2004]. The ﬁeld data collected by
Bevington and Twilley [2018] show that after big river ﬂoods, distinct high elevation steeper
levee deposits are observed along island edges, which indicates sediment transport through
turbulent diﬀusion [Adams et al., 2004]. There remains a discrepancy in the understanding
of the sediment transport and deposition mechanism from the channel to the islands, which
may be rectiﬁed by understanding the ﬂow structure associated with variable hydrodynamic
conditions.

17

Chapter 3
Methods
3.1

Site Description
Wax Lake delta (WLD) is a river dominated delta located in coastal Louisiana (Fig. 3.1)

at the mouth of the 25 km long Wax Lake Outlet(WLO). WLD debouches into the
Atchafalaya Bay about 140 km West-Southwest of New Orleans. WLO was dredged by
US Army Corps of Engineers in 1942 with a design capacity to carry 30% of the discharge
from the Atchafalaya River to reduce ﬂooding in Morgan City, LA. The Atchafalaya captures nearly 60% of the Mississippi river’s suspended load and as soon as the channel
construction was completed, sediment started depositing at the mouth of WLO, forming
WLD. Since its ﬁrst subaerial emergence in 1973 [Roberts et al., 1997], the delta has been
steadily building land. Sediment input to WLD is estimated to be 38.4 Mt/year, 18% of
which is sand [Kim et al., 2009]. Water level on this delta is modulated by mixed semidiurnal microtides (mean range of 0.35m) [Hiatt and Passalacqua, 2015]. The average ﬂow
at WLO is 3078 m3 /s and the annual ﬂood tends to peak above 5000 m3 /s. WLD is a
branching distributary network with seven major channels and partially-inundated interdistributary islands. The channel network of WLD consists of primary (>100m width)
and lateral secondary channels. Primary channels distribute the discharge and sediments
through the system and secondary channels join the primary channels to the island interiors. The delta islands are typically shaped like an arrowhead and the interdistributary
bays are surrounded by narrow levees with higher elevation. The distributary channels are
lined with natural levees which can be sub-aerial or subaqueous based on water level. Flow
over the levees resulting in ﬂow exchange between the channels and islands is a persistent
feature of the system.
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Figure 3.1. LANDSAT 8 image from 23 October 2019 of Wax Lake Delta at 30m resolution
obtained from USGS EarthExplorer (available online at https://earthexplorer.usgs.gov/)
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The sedimentary framework of WLD is 50-70% medium sand [Roberts et al., 1997]
and D50 and D90 at WLD apex was found to be respectively 106µm and 155µm [Shaw
et al., 2013]. The Froude number of ﬂow entering the delta is ∼ 0.25 during bankfull
ﬂow [Edmonds et al., 2011]. Estimates of the delta land growth rate and the total area
of land built provided by the literature are variable. Roberts [1998]; Wellner et al. [2005]
have estimated approximately over 100 km2 new deltaic surface at WLD since its subaerial
emergence in 1973.
3.2

Data Collection
In this thesis, the ﬂow structure at two channel features in WLD are studied: a channl-

ized outﬂow zone and a distributary channel subject to unchannelized lateral outﬂow along
the length of the channel. The goal of these ﬁeld eﬀorts is to determine the ﬂow structure
in both settings in order to understand the diﬀerent mechanism in which lateral outﬂow
inﬂuences ﬂow structure in deltaic channels. The channelized lateral outﬂow study site
is located at Mallard Pass, a distributary channel in the western part of the delta, 2.3
km downstream of the channel entrance. The secondary channel ﬂowing laterally into the
interdistributary island has been stable since 1990 [Wellner et al., 2005](Fig. 3.2b). For
the unchannelized or overbank lateral outﬂow study, a 3.7 km long section of Gadwall Pass
was chosen (Fig. 3.2c). The ﬁeld measurements at WLD were composed of three trips
from April 2019 to September 2019. Time series plot of discharge at Wax Lake Outlet
(USGS Gauge # 07381590 in Calumet), water-level (NOAA Lawma-Amerada Pass station
# 8764227) and wind speed (NOAA Eugene Island, North of LA station # 8764314) in
the water year 2019 are provided in Appendix B.
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23 October 2019 at 30m resolution obtained from USGS EarthExplorer (available online
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A 1200 kHz Riverpro ADCP from Teledyne RDI was used for the hydrographic surveys.
All measurements were georeferenced using an external Hemisphere A101 diﬀerential Global
Positioning System (dGPS) mounted over the ADCP. The ADCP transducer depth was
kept at 0.3 m with a blanking distance of 0.25 m from the sensor head. Data of bottom
6% of the measurement bins were ignored to avoid sidelobe interference. Bin size for each
ensemble was optimized by an auto-adaptive system that yielded cell size ranging from
2 cm-24 cm depending on the depth of that ensemble. The water mode was selected
automatically based on the ﬂow condition. The velocity resolution of the ADCP was 1
mm/s with accuracy within ± 0.25% of water velocity relative to ADCP. At least four repeat
transects were performed to collect multiple velocity measurements along the georeferenced
cross-sections (Fig. 3.2) based on community recommendations [Szupiany et al., 2007] and
USGS standards for hydrographic surverys. When possible, the same georeferenced crosssections were surveyed during each measurement campaign, but due to the currents and
evolving channel planform, slight reorientation to some of the transects was necessary.
3.2.1

Discharge and Velocity Measurement

Velocity and discharge data from the asymmetric bifurcation were collected during
falling tide on 15 April and during rising tide on 10 June 2019. On 15 April, hydrographic
measurements were performed at ﬁve transects spaced approximately 100 m apart in the
main channel (M1-M5) and at four transects in the bifurcate lateral channel separated by
approximately 50 m (L1-L4). The same cross-sections were traversed during the 10 June
survey and in addition two new transects were done further inside the lateral channel.
Because of the ﬂooding in lower Mississippi in 2019, the discharge into Wax Lake Delta
Apex during both the surveys was higher ( 5584m3 /s on 15 April and 5944m3 /s on 10
June) than the average at Wax Lake Outlet (WLO)(3078m3 /s) that allowed better access
into the lateral channel.
For the unchannelized lateral outﬂow site, an initial survey of the Gadwall pass was
performed on 9 June 2019 during falling tide to identify the location where lateral outﬂow
22

begins. In that survey, at transect N5 (discharge 1433m3 /s) lateral outﬂow could be seen
visually, and it was found to have around 5% loss of discharge compared to the transect
400m upstream (discharge 1510m3 /s). N5 was selected as the baseline for the velocity
and discharge measurement in September. After the ﬂood, during September, discharge
dropped signiﬁcantly (Fig.B.3), and at delta Apex, it was measured to be 2210m3 /s on
September 13. The cross-sections were selected 500m apart from each other, starting from
N5. One initial discharge measurement survey was performed at the beginning of both
the 13 and 14 September surveys at the mouth of the channel. During rising tide, 13
September 2019, 5 of the selected cross-sections (N5-N7, N9-N10) were traversed. On 14
September 2019, the cross-sections- N5, N9, and N10, were surveyed during falling tide.
Discharge data at each transect from the surveys are given in Appendix A. The discharge
quantities are provided as an average of individual transect discharge at each cross-section.
The wind were mostly consistent during these two survey times and had a peak speed less
than 5ms−1 (Fig. 3.3).
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3.3

Post Processing
ADCP data were collected, reviewed, and exported as ASCII ﬁles using WinRiver II®

software. The beam velocities from WinRiver II® were corrected using an in-house code
written in Matlab® to account for the eﬀects of tilt, pitch, and roll based on the calculations
provided in Teledyne [2010]. Both four-beam and three-beam solutions were taken during
the correction. The corrected data were then analyzed using Velocity Mapping Toolbox
(VMT), a suite of Matlab® routines [Parsons et al., 2013]. It averages the repeat transects
along a cross-section, calculates primary and secondary velocity vectors at Rozovskii frame
of reference [Rozovskii , 1957], and zero net secondary discharge frame of reference for the
mean transect, and allows plotting three-dimensional velocity information for the mean
cross-section. For this study, the transverse and the secondary velocity vectors in Rozovskii
frame of reference [Rozovskii , 1957] were used for interpretation. Secondary vectors in the
zero secondary discharge reference frame were ignored as all of the cross-sections traversed
in this study had a signiﬁcant amount of lateral outﬂow, which violates the assumptions
of zero secondary discharge. In the Rozovskii frame of reference, the secondary vectors are
rotated such that for each vertical proﬁle, secondary currents in one direction are equal to
those in the opposite direction[Lane et al., 2000]. In other words, the primary velocity at
each vertical in this reference frame is equivalent to the depth average velocity direction at
that vertical. Thus the primary velocity direction varies across a section [Lane et al., 2000;
Rhoads and Kenworthy, 1998]. This frame of reference is useful to identify helical motion
in strongly converging and diverging ﬂows [Rozovskii , 1957; Rhoads and Kenworthy, 1998].
The bathymetry data was interpolated from the ADCP transects. For higher resolution
bathymetry interpolation, additional zigzag ADCP surveys were performed at the ﬁeld sites
to cover more areas along the channel. These bathymetry data were exported using VMT
in earth coordinates, and a Kriging interpolation was performed in ArcGIS®. The grid
size was 10 × 10 m for the asymmetric bifurcation and 20 × 20 m for Gadwall Pass. Survey
line spacing was larger than the grid cell size and coarse data were being interpolated to a
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ﬁner grid because of ﬁeld limitations. The resulting bathymetry (Fig. 3.4) was triangulated
and used to create the volume grid for velocity interpolation in Tecplot®. This method
introduces interpolation errors and temporal variation of bed load increases the uncertainty
of the resulting spatial distribution [Rennie and Church, 2010]. Results can be improved
by decreasing the transect to transect distance. The interpolation results for this thesis are
used to provide an overview of the morphological set up of the survey locations.
Depth (m)

¯
Figure 3.4. Interpolated Bathymetry produced using ArcGIS® and Tecplot® from the
ADCP data collected on June 10, 2019. The bathymetry points were ﬁrst separated into
three longitudinal strips and interpolated in this extent using ’Inverse Distance Weighting’
method with 20m grid size. These points were later used besides the original bathymetry
points for Kriging. The grid size used for Kriging in ArcGIS® is 20m. The black arrow
indicates ﬂow direction.
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Prism Grid, an add on provided by Tecplot®, was used for the volume grid generation
from the interpolated bathymetry. The velocity and backscatter intensity data for interpolation was extracted from WinRiver II® using the correction code in Matlab® directly
in earth coordinates. Velocity magnitude was interpolated using kriging on to the volume
grid created before. A comparison among WinRiverII®, VMT, and Tecplot® interpolated
slice is given in Fig. 3.5. The interpolated slice and WinRiver II® contours are mostly
identical, some diﬀerences can be seen with the VMT mean cross-section contour, which
is expected as VMT averages all the repeat transects taken at a single cross-section. As
Tecplot® performs the interpolation inside the volume grid created from bathymetry and
takes the actual depth of cross-section, it extrapolates velocity magnitudes at the blanking zones right below the ADCP and right above the bottom. The blanking zone values
are thus ignored. The kriging parameters used for interpolation in Tecplot® included 20
points octant search, a range of 0.3, no drift, and a zero value of 0.0001. Detail explanation
about these parameters can be found in Jamieson et al. [2011].
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ADCP Data

VMT Mean Transect

Interpolated Slice

Figure 3.5. Comparison among (Left) ADCP velocities, (Middle) VMT mean transect
velocities and (Right), and interpolated velocity slice taken on 13th September. The interpolated data represent a single slice from the 3-D volume interpolation done on Tecplot®.
Cross sections are viewed looking downstream. Velocity magnitude, vertical, north, and
east velocity components are shown respectively from top to bottom. At bottom of the
channel and near the water surface, velocity data are ignored to avoid errors related to side
lobe interference and blanking zone of the ADCP.

28

3.4

Analysis
The concept of momentum ﬂux ratio is generally used as a parameter that inﬂu-

ences bed morphology and ﬂow pattern in conﬂuences [Miyawaki et al., 2010; Rhoads and
Sukhodolov , 2001]. Herrero et al. [2015] used this concept in his experiment on 90°diversion
as a possible parameter aﬀecting bed morphology of bifurcations. He used the following
equation for the calculation:
Mr =

ρl ql vl
ρm qm vm

(3.1)

Where, Mr = Momentum Flux Ratio, ρl = Density of ﬂuid in the lateral channel, ρm =
Density of ﬂuid in the main channel, ql = Discharge in the lateral channel, qm = Discharge
in the main channel, vl = Mean velocity in the lateral Channel, vm = Mean velocity in the
main channel.
For the purpose of this thesis, the momentum ﬂux ratio is divided by the length of
outﬂow zone, which for channelized outﬂow case is the lateral channel width, to yield
momentum ﬂux ratio per unit length of outﬂow or outﬂow momentum ﬂux ratio. The
equation thus is modiﬁed as,

Mr0 =

Mr
L

(3.2)

Where, Mr0 = Momentum ﬂux ratio per unit length of outﬂow, Mr = Momentum ﬂux
ratio, L= Length of lateral outﬂow zone.
For, unchannelized ﬂow conditions the ratio was calculated in the following way,
Mrl
Mru × L
M
ru − Mrd
Mr0 =
Mru × L
Mr0 =

(3.3)
(3.4)

Where, Mrl = Mru −Mrd , Mru =Momentum ﬂux in the upstream transect, Mrd =Momentum
ﬂux in the downstream transect, L= Centerline distance between the transect.
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Value of the parameters used to calculate momentum ﬂux for channelized outﬂow are
provided in Table 4.1. As tide controls the waterlevel gradient in the unconﬁned part of the
delta, it also controls the direction of lateral outﬂow. Field data show that the direction
is almost always towards one of the banks for the low ﬂow period. To take that fact into
consideration, centerline distance between the transects was used as the outﬂow length L
for unconﬁned ﬂow.
For the purpose of detecting the sediment entraining and transport capacity of the
secondary currents, the sediment settling/fall velocity at WLD was calculated using the
formula provided by Dietrich [1982]. Median sediment size D50 calculated by Shaw et al.
[2013] at WLD apex was used in this calculation which was 106µm. Calculation of fall
velocity requires calculation of particle Reynolds number, submerged speciﬁc gravity of
sediment, and dimensionless fall velocity. The dimensionless fall velocity is calculated
using a relationship based on the particle Reynold’s number provided in Dietrich [1982].
The equations are provided in the following:

√
RgDD
Rep =
ν
ρs
R=
−1
ρ
vs
Rf = √
RgD

(3.5)
(3.6)
(3.7)

Where, Rf = Dimensionless fall velocity, ρ = Density of ﬂuid, ρs = Density of sediment,
density of quartz is used in this case which is 2.65g/cm3 , vs = Fall velocity, Rep = Particle
Reynolds Number, ν =Kinematic viscosity of water, g=Gravitational acceleration, D=
Median grain size.
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Chapter 4
Result and Discussion
Several hydrographic surveys were conducted at Wax Lake Delta (WLD) to capture the
ﬂow structure features induced by lateral outﬂow at diﬀerent ﬂow conditions. A calculation
was done to observe the sediment entrainment capacity of the secondary ﬂow and relate that
to the suspended sediment characteristics at WLD. In the following sections, the results
and implications are discussed.
4.1

Channelized Lateral Outﬂow

4.1.1

Discharge

Table A.1 shows the discharge data collected during the surveys (Fig. 3.2b). The lateral
channel captured 6.88% of the main channel discharge (Table 4.1) during the 15 April 2019
survey and 5.24% of the ﬂow during the second campaign on 10 June 2019.
4.1.2

Depth Averaged Velocity

The depth-averaged velocity data provide a general idea of the ﬂow characteristics.
The velocity was averaged per ADCP ensemble over the depth using the Velocity Mapping
Toolbox (VMT). The depth-averaged velocities for the channelized outﬂow from the surveys
on 15 April and 10 June 2019 are shown in Fig. 4.1a and b. The discharge during the
15 April survey (∼5534 m3 /s) at the delta apex is smaller than the 10 June survey (∼
5943 m3 /s)(Table A.1). The primary velocity directions for both cases do not show any
signiﬁcant change with tide. The separation zones upstream of the lateral channel can be
identiﬁed as the zones of velocity drop at both the banks. The lateral channel bottom is at
a higher elevation than the main channel bottom and thus represents a discordant feature
(Fig. 3.4). The velocity magnitude into the lateral channel is approximately 50% of that in
the main channel (Table 4.1). No shallow bar was found on the opposite bank of the main
channel opposite of the lateral channel, in contrast to results from non-discordant elevation
diversion modeling eﬀorts [Bulle, 1926; Neary et al., 1999; Dutta et al., 2017].
Inside the lateral channel, there are two zones of ﬂow. The ﬂow close to the right
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bank (looking downstream) has a signiﬁcantly lower velocity than the left bank. The high
velocity core in the lateral channel shifted from the left bank to the middle of the channel
gradually as the water moved inward. Also, Fig. 3.4 shows that the right bank has a
shallow elongated bar, and the left bank is scoured as described by Bulle [1926]; Neary
and Odgaard [1993]; Neary et al. [1999]; Herrero et al. [2015]. During the falling tide,
velocity downstream of the lateral channel increased and during the rising tide it decreased
compared to the upstream velocity (Fig. 4.2). The Froude number at transect M2 was
0.147 and 0.185 during falling and rising tide, respectively. Similarly, at transect L1 the
Froude number was 0.131 and 0.151 during falling and rising tide, respectively.
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Figure 4.1. Depth-averaged velocity vectors along the asymmetric bifurcation for(a) Campaign 1, falling tide(b) Campaign 2, rising tide.
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(a)

(b)

Flow Direction

Flow Direction

Figure 4.2. Velocity magnitude along the asymmetric bifurcation for(a) Campaign 1, falling
tide(b) Campaign 2, rising tide. Arrows indicate ﬂow direction
4.1.3

Flow Structure

The three-dimensional ﬂow structure at transect M2, 120m upstream of the lateral
channel, is shown in Fig. 4.3. The secondary velocity in the Rozovskii reference frame
[Rozovskii , 1957] for both rising and falling tide shows a large channel-wise clockwise circulation in the main channel. At this transect, the width of the separation zone on the
right bank is ∼ 15 m and it is ∼ 10m for the left bank. On the separation zone at the right
bank, a counter-rotating cell can be seen both in the falling and rising tides, and likely
represents a coherent structure for the related ﬂow parameters. This coherent secondary
cell seems to be related to the separation zone. The circulation velocity from the survey
varies between 2 and 4cm/s.
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Table 4.1. Channelized Outﬂow Field Parameters

Parameters

Speciﬁcation
L1/M2

Area ratio (Percent)
Width ratio (Percent)
Discharge ratio lateral to upstream
(Percent)
Discharge ratio lateral to downstream (Percent)

L1/M4
L1/M2

14.09
32.90

13.98
32.16

L1/M4
L1/M2

34.01
6.88

33.96
5.24

L1/M4

7.10

5.80

L1

50.49

53.25

M2

66.72

74.30

M4
L1

69.09
53.30

69.65
59.73

M2

90.70

109.25

M4
L1

96.64
0.37

102.66
0.17

L2

0.86

1.15

L3

1.47

1.70

L4

2.47

2.64

L5

-

4.47

L6
Upstream

0.04

6.33
0.03

Downstream

0.04

0.03

Width/Depth

Mean Velocity Magnitude(cm/s)

Lateral Channel distance/width ratio

Momentum Flux Ratio

Falling Tide
Rising Tide
15 April 2019 10 June 2019
12.83
13.68
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Figure 4.3. Flow structure at transect M2 upstream of the lateral channel (looking downstream). The contour shows the primary velocity and secondary velocities Rozovskii reference frame are shown by arrows (a) Campaign 1, falling tide, 15 April 2019, (b) Campaign
2, rising tide, 10 June 2019, (c) Location of the transect.
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For transect M3 (Fig. 4.4a), which extends to the lateral channel on the right side of
the transect, the above-mentioned counter-rotating circulation cell was found to exist and
was bound to the discordant bed junction. The helical velocity of this cell was found to be
a maximum 5cm/s at M3. The clockwise rotating circulation cell is the dominant channelwide circulation pattern in this transect. The transverse velocity (Fig. 4.4b) points toward
the lateral channel over the transect except for the separation zone on the left bank.
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Figure 4.4. Flow structure at transect M3 at the lateral channel junction (looking downstream). The contour shows the primary velocity on Campaign 1, falling tide, 15 April
2019, (a)secondary velocities Rozovskii reference frame are shown by arrows (b) transverse
velocities shown by arrows, (c) Location of the transect.
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The dominant channel-wide clockwise secondary current prevails through the transects
M4 and M5 (200m downstream of the lateral channel) (Fig. 4.5 and 4.6). This circulation
direction in the main channel for both M4 and M5 is similar to the direction suggested by
Neary et al. [1999]; Herrero et al. [2015]; Dutta et al. [2017] for the transects downstream of
the lateral channel. The coherent cell exists for the transects upstream of the lateral channel
along with the other predicted patterns. It can be hypothesized that this clockwise cell
is the bed generated very large scale motions (VLSM) as discussed by Proust and Nikora
[2019], and the strength of these cells can be ampliﬁed or reduced by the presence of a
channel or crevasse causing lateral outﬂow. The smaller counter-rotating secondary cell
at the upstream separation zone is formed because of the lateral outﬂow from the main
channel. The topography of transects M4 and M5 are similar to compound channels with
a ﬂoodplain . The presence of a depression zone observed on the right bank of transect M4
and M5 (Fig. 4.5, 4.6) was reported previously by Herrero et al. [2015] and suggests that
the depression zone is an extension of the erosion scour inside the lateral channel that exists
for a certain momentum ﬂux ratio. For this survey, the momentum ﬂux ratio was 0.04 and
0.03 for the falling and rising tide, respectively. For transect M5 (Fig. 4.6), there was a small
crevasse on the right bank and was found to induce a similar counterclockwise rotating cell
in the main channel during the falling tide survey. The circulation cell disappeared and
only one clockwise rotating ﬂow structure in the main channel could be identiﬁed during the
rising tide survey on 10 June, and the reason behind this can be seen in Fig. 4.7b. According
to Proust and Nikora [2019], if the transverse ﬂow direction is from the ﬂoodplain to the
channel, the secondary cells merge into one single cell in the main channel. The transverse
velocity in Fig. 4.7b shows a large transverse current in the direction from the ﬂoodplain to
the channel, which caused the counter-rotating cell to disappear and the separation zone
to move further into the main channel which was at the junction during the falling tide
survey on 15 April (Fig. 4.7a).
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Figure 4.5. Flow structure at transect M4, downstream of the lateral channel (looking
downstream). The contour shows the primary velocity and secondary velocities Rozovskii
reference frame are shown by arrows (a) Campaign 1, falling tide, 15 April 2019, (b)
Campaign 2, rising tide, 10 June 2019, (c) Location of the transect.
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Figure 4.6. Flow structure at transect M5, further downstream of the lateral channel
(looking downstream). The contour shows the primary velocity and secondary velocities
Rozovskii reference frame are shown by arrows (a) Campaign 1, falling tide, 15 April 2019,
(b) Campaign 2, rising tide, 10 June 2019, (c) Location of the transect.

40

Primary
Velocity
(cm/s)

(a)

3265800

(c)
Flow Direction

3265700

3265600

UTM Northing (m)

3265500

3265400

M5

3265300

3265200

(b)

Transverse
Current

3265100

3265000

¯
647800

648000

648200
648400
UTM Easting (m)

648600

648800

Figure 4.7. Transverse velocity at transect M5, further downstream of the lateral channel
(looking downstream). The contour shows the primary velocity and transverse velocities
are shown by arrows (a) Campaign 1, falling tide, 15 April 2019, (b) Campaign 2, rising
tide, 10 June 2019, (c) Location of the transect.
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Inside the lateral channel, a consistent counter-clockwise circulation cell (looking downstream) can be identiﬁed from transect L1-L4 for both survey periods (Fig. 4.8 and 4.9). A
clear separation between slower ﬂow along the right bank and faster ﬂow along the left bank
can be identiﬁed. The counter-clockwise rotating cell has a helical velocity reaching 3cm/s
that acts to scour the channel bed in the left bank and direct the entrained the scoured
sediments near the right bank, where a shallow bar has formed due to sediment deposition
in the zone of reduced velocity. The erosion scour extends into the main channel forming
the depression zone (Fig. 4.5, 4.6) near the main channel right bank and creating a compound channel-like topography in the main channel downstream. The counter-clockwise
circulation cell inside the channel is in agreement with the studies by Neary et al. [1999];
Herrero et al. [2015]; Dutta et al. [2017].
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Figure 4.8. Flow structure at transect L3, downstream into the lateral channel (looking
downstream). The contour shows the primary velocity and secondary velocities are shown
by arrows Rozovskii reference frame (a) Campaign 1, falling tide, 15 April 2019, (b) Campaign 2, rising tide, 10 June 2019, (c) Location of the transect.
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Figure 4.9. Flow structure at transect L4, further downstream into the lateral channel
(looking downstream). The contour shows the primary velocity and secondary velocities
Rozovskii reference frame are shown by arrows (a) Campaign 1, falling tide, 15 April 2019,
(b) Campaign 2, rising tide, 10 June 2019, (c) Location of the transect.
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Further inside the lateral channel, the coherent ﬂow structure starts to break down and
a pair of converging circulation cells appear at transect L6 (Fig. 4.10). Depth gradually
decreases further downstream inside the lateral channel and the high-velocity core, along
with the channel thalweg, moves to the center from the left bank of the lateral channel.
In this case, the circulation cell starts to break down in between 2.6-4.5 times the lateral
channel width (Table 4.1).
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Figure 4.10. Flow structure at transect L6, further downstream into the lateral channel
(looking downstream). The contour shows the primary velocity and secondary velocities are
shown by arrows (a) Campaign 1, falling tide, 15 April 2019, (b) Location of the transect.
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4.2

Unchannelized Lateral Outﬂow

4.2.1

Discharge

The discharge values for the unchannelized outﬂow survey are shown in Fig. 4.11.
During the rising tide survey on 13 September 2019, discharge at the upstream end of
Gadwall Pass was 388 m3 /s, which gradually decreased downstream at transect N5, though
discharge was then observed to be higher at N7. At transects N9 and N10, the average
discharge was 229.25 and 168.37 m3 /s, respectively, which represent discharge losses relative
to the upstream end of 37% and 54%, respectively. During the falling tide survey on 14
September, the upstream discharge was higher (522 m3 /s) and the trend was similar till
transect N9, but at N10 (500m downstream of N9), the discharge was signiﬁcantly higher
than that of N9. At transect N9, the lateral outﬂow volume was 30% of that of N5. A
possible explanation for the increase in discharge is a lateral ﬂux of water coming to the
channel at N10 from the inundated island regions due to tidal factors (Fig. B.2). The data
from transects N7 and N8 had error velocities that were signiﬁcantly higher than the rest
of the survey transects and were thus omitted from the analysis.

Figure 4.11. Discharge summary for the Gadwall pass hydrographic surveys
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4.2.2

Depth Averaged Velocity

During the survey at the unchannelized outﬂow zone of Gadwall Pass, the discharge
and velocity were signiﬁcantly lower than the channelized outﬂow surveys. During the
rising tide, there was an increase in velocity near transect N7 (Fig. 4.12a), which might
be attributed to the interaction with the large subaqueous channels near the transect
location. Discharge gradually increased from N5 to N7 and started to decrease downstream
(Fig. 4.11). The velocity core gradually disappeared at transect N10, which was losing 54%
of ﬂow due to signiﬁcant lateral outﬂow. During the falling tide survey, this high-velocity
core re-appeared at N10 and moved towards the left bank. It might be attributed to the
tides introducing a water level gradient causing the water to ﬂow from the islands to the
channels.
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Figure 4.12. Depth-averaged velocity vectors along the Gadwall Pass for(a) Campaign 1,
rising tide(b) Campaign 2, falling tide.
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4.2.3

Flow Structure

During the unchannelized lateral outﬂow surveys, the discharge along Gadwall pass was
signiﬁcantly lower than that of the surveys performed in April and June. The Froude number for transect N9 was found to be 0.027 which was orders of magnitude lower compared
to the channelized outﬂow survey. In the ﬂow structure plots of the system, no signiﬁcant
coherent secondary structure was found (Fig. 4.13a and b). However, the incoherent turbulent structures there seemed to be aﬀected by tides (Fig. 4.13a and b). From the transverse
vectors, lateral outﬂow at each transect was seen to be directed towards one of the banks
and the directions in some cases shifted with rising and falling tide. It is likely that this
direction is controlled by the relative water level gradient existing between the islands and
channels reported by Hiatt and Passalacqua [2017] and also to some extent inﬂuenced by
tide [Hiatt and Passalacqua, 2015].
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Figure 4.13. Flow structure at transect N9, downstream part of Gadwall Pass (looking
downstream). The contour shows the primary velocity and secondary velocities in the
Rozovskii reference frame are shown by arrows (a) Campaign 1, rising tide, 13 September
2019, (b) Campaign 2, falling tide, 14 September, 2019, (c) Location of the transect.
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Figure 4.14. Transverse velocity at transect N9, downstream part of Gadwall Pass (looking
downstream). The contour shows the primary velocity and transverse velocities are shown
by arrows (a) Campaign 1, rising tide, 13 September 2019, (b) Campaign 2, falling tide, 14
September, 2019, (c) Location of the transect.
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4.3

Sediment Transport Mechanism
From the calculation of settling velocity in Section 3.4, it was found that for the median

grain size of 106µm [Shaw et al., 2013] in Wax Lake Delta(WLD), the settling velocity is 0.8
cm/s. The counter-rotating coherent secondary circulation cell velocity for the channelized
outﬂow, which was 2-4 cm/s (Fig. 4.3), is an order of magnitude greater than the settling
velocity. Therefore, it can be safely assumed that the circulation cell at the right bank
separation zone of the main channel can entrain the median sized particles, keep them
suspended, and transport them inside the lateral channel. These cells can eﬀectively entrain
and transport particles of size up to 200µm. The eﬀect of these counter clockwise rotating
cells in the separation zone can also be identiﬁed from the backscatter intensity (Fig. 4.15)
from the ADCP data at the channelized outﬂow site. Backscatter intensity from the ADCP
data can be used as an indicator of suspended sediment concentration in a system as
suggested by Dinehart and Burau [2005]. It can be seen in Fig. 4.15 that the backscatter
intensity is usually higher inside the lateral channel and in the separation zone both in
falling and rising tide. For the rising tide survey (Fig. 4.15b), the intensity is even higher
at the crevasse located on the opposite bank. It can be hypothesized that this increase in
backscatter intensity is the result of the interaction between circulation cells induced by
lateral outﬂow and the suspended sediment particles. The intensity may increase as the
crevasse is narrower and the circulation it induces is thus stronger. Though the existence
of shear-induced Kelvin Helmholtz type horizontal coherent structures as described by van
Prooijen et al. [2005]; Truong et al. [2019]; Proust and Nikora [2019] can be a major control
over the sediment transport mechanism in this set up, it was not possible to capture their
existence with the current ﬁeld measurements. Moreover, the secondary circulation cells are
known to amplify the transport eﬀect of such horizontal structures. The existence of such
cells at the entrance of the lateral channel can be of prime importance for the transport of
sediments, particles, and nutrients into the islands through channelized outﬂow.
The backscatter intensity data collected from downstream of Gadwall pass on 13
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Figure 4.15. Backscatter intensity for the Channelized Outﬂow (a) Campaign 1, falling tide,
15 April 2019, (b) Campaign 2, rising tide, 10 June 2019. Arrows indicate ﬂow direction.
September 2019, shows that the intensity suddenly drops (Fig. 4.16) near the location
of transect N9. Also at N9 the backscatter is higher (∼7dB) over the subaqueous levee.
Additionally, this transect has 30% discharge loss relative to N5 due to lateral outﬂow
(Fig. 4.11).
Though ﬂow structures at this transect do not show any coherent turbulent structures
during the survey, the backscatter intensity suggests that sediment is being transported to
the islands or falling out of suspension. Shaw et al. [2016] suggested from their ﬂow pattern
study that the lateral turbulent mixing from the unstable ﬂow is minimal in this area and
Hiatt and Passalacqua [2017] showed that the unconﬁned ﬂow regime of the delta has a
gradient of water level between the channel and the island. Therefore, the ﬂow structure
data of unchannelized outﬂow is in agreement with the conclusion from Shaw et al. [2016]
because the existence of a water level gradient indicates that the sediment transport in
this downstream part of the delta is mostly advective as described by Adams et al. [2004].
The anticipation from this thesis is that during ﬂoods the mechanism shifts to turbulent
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Figure 4.16. Backscatter intensity data for the Unchannelized Outﬂow (a) Campaign 1,
rising tide, 13 September 2019, (b) Campaign 2, falling tide, 14 September, 2019.
diﬀusion [Adams et al., 2004] as then there is enough transverse momentum available to
form secondary coherent structures (Kelvin-Helmholtz type coherent structures or KHCS
and Secondary currents or SC), but there is not suﬃcient data to address this in this thesis.
In that case, KHCS and SC can be the control over the transport of sediments to the islands
and construct steeply sloped levees as observed by Bevington and Twilley [2018] right after
the 2011 ﬂood. Existence of a lateral momentum ﬂux threshold is thus proposed in this
study for which the transport mechanism shifts from advective to turbulent diﬀusion and
that the threshold can be identiﬁed as the momentum ﬂux ratio per unit length of outﬂow
or outﬂow momentum ﬂux ratio as described in Section 3.4. For the channelized outﬂow
surveys, this ratio varied between 0.344km−1 and 0.497km−1 , and for unchannelized outﬂow
from transect N5 to N9, that ratio varied between 0.177km−1 and 0.211km−1 . Thus, we
hypothesize that the threshold ratio lies in between 0.211km−1 and 0.344km−1 .
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4.4

A Conceptual Model of Flow Structure and Sediment Transport Inﬂuenced
by Lateral Outﬂow
The results of this study provide an insight into the lateral outﬂow process in deltaic

systems and how that aﬀects the ﬂow structure, sediment transport mechanisms, and natural levee development. Coﬀey and Shaw [2017] suggested that lateral outﬂow is required
for delta growth and maintenance, so laterally outﬂowing channels is likely the norm rather
than a unique feature of WLD. Therefore, results from this study and the ﬂow features
described previously in the literature, all suggest that the ﬁndings can be extended to the
lateral outﬂow conditions in other deltas. Based on these ﬁndings, a conceptual model is
developed connecting the lateral outﬂow induced ﬂow structures with the sediment transport mechanisms in a deltaic distributary system. The conceptual model can be discussed
into two scenarios based on the outﬂow momentum ﬂux ratio threshold.
4.4.1

Channelized Outﬂow

Figure 4.17. Conceptual ﬁgure of channelized lateral outﬂow
During regular periods with no ﬂood, the discharge and velocity through the distributary channels are comparatively small. The discordant lateral channels receive a lesser
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amount of discharge and often, the sediment transport occurs through advection and controlled by the water level gradient between the main channel and lateral channel. During
the high ﬂow period, if the channelized outﬂow system reaches the threshold Mr0 , a counterclockwise rotating helical secondary circulation cell (SC) will develop near the bank upstream (for right-sided channels, right bank). It will entrain and transport sediments from
the separation zone into the lateral channels. The main channel ﬂow can have already existing very large-scale motion-induced helical circulation (VLSM) rotating clockwise, which
are either ampliﬁed or reduced by the SC. Also, the velocity diﬀerence between the main
channel and lateral channel may induce shear dominated Kelvin Helmholtz type coherent
horizontal structures (KHCS) at the lateral channel entrance contributing to the momentum transfer from and to the main channel. The helical SC inside the lateral channel rotates
counterclockwise (for lateral channels on the right bank, looking downstream, clockwise for
the left bank lateral channels), and the ﬂow is separated into two zones there. The left
bank of the lateral channel carries a larger part of the ﬂow with higher velocity and thus
scours the left bank. The scoured sediments are then carried by the circulation cell and
deposited near the right bank of the channel, forming a shallow bar (for left bank lateral
channels, a clockwise circulation cell will deposit sediments near the left bank scouring the
right side of the channel). The eroded part of the lateral channel extends towards the main
channel forming a depression zone on the right bank. The counterclockwise cell inside the
lateral channel gradually breaks down with distance and the thalweg shifts from left to the
center of the channel, sediment deposition occurs, and depth gradually decreases. Through
small crevasse splays, the water, sediments, nutrients, and other particles get distributed
from the lateral channel to diﬀerent parts of the island. When the vegetation exists in the
bank of the channels, they contribute to the retention of sediments and act as a zone of
sedimentation.
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4.4.2

Unchannelized Outﬂow

For the unconﬁned zone of the delta, turbulent activity is minimal during regular
periods with no ﬂood. The channel water-level has a gradient compared to the waterlevel of the inundated islands of the delta. Thus, sediment transport in this part of the
delta is dominated by advection during regular ﬂow periods. The levees formed by this
mechanism are widespread along the island edge (Fig. 4.18b). When the ﬂoods occur,
the distributary channels then have enough momentum to induce turbulent structures.
Once the Mr0 threshold is reached, and helical circulation cells (SC) start to form in the
separation zones in main channel and nearby ﬂoodplain. The velocity gradient between
the main channel and islands acts to establish KHCS, which has a signiﬁcant contribution
towards the momentum transfer between the channel and inundated islands similar to
the channelized outﬂow case. Therefore, SC and KHCS become the dominant sediment
transport controls during this ﬂood period. In this way, transport mechanism shifts from
advection to turbulent diﬀusion and narrow, steeper natural levee structures are formed
(Fig. 4.18a). The presence of vegetation may inﬂuence the eﬀect of transport mechanism
as sediment retention is related to vegetation pattern [Temmerman et al., 2005]. After
the ﬂood, the transport mechanism again shifts to advection, and low-gradient levees are
favored. The number of secondary circulation cells along the bank is diﬃcult to assess
from the current ﬁeld data, for that reason, only one cell is shown in the conceptual ﬁgure
(Fig. 4.18a).
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Figure 4.18. Conceptual ﬁgure of sediment transport during unchannelized lateral outﬂow
through (a) turbulent diﬀusion (high ﬂow) (b) advection (low ﬂow)
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Chapter 5
Conclusions
The thesis aims to understand the eﬀect of lateral outﬂow on the three-dimensional
ﬂow structure and the mechanism of sediment transport at a deltaic distributary system.
Lateral outﬂow is critical for deltaic maintenance, growth, and morphodynamic evolution.
Flow structure in a river delta distributary system is a representation of the inﬂuence
of lateral outﬂow on ﬂow hydrodynamics and the understanding can be extended to the
sediment transport process from channels to islands. Thus, studying ﬂow structure in this
system can provide valuable insight into the land-building processes at a river delta, which
will be helpful to maximize the result of ongoing restoration eﬀorts. Accordingly, the ﬂow
structure in the distributary channel subject to lateral outﬂow at Wax Lake Delta (WLD)
was studied in this thesis. The research was motivated by three major research questions:
1. How does lateral outﬂow aﬀect the three-dimensional ﬂow structure within delta
distributary channels?
2. What eﬀect does the type of lateral outﬂow, channelized or unchannelized, have on
the strength, direction, and overall pattern of secondary circulation cells?
3. Does lateral outﬂow impact the mechanism of sediment transport from the channel
to the island? What conditions favor advection versus turbulent diﬀusion?
To answer these questions, three hypotheses were adopted:
1. Lateral outﬂow, both channelized and unchannelized, induces secondary circulation
cells in the main distributary channel.
2. These secondary cells can carry sediments and particles to the islands from the distributary channels.
3. Secondary circulation cells can only be formed if a lateral momentum ﬂux threshold
is reached.
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To answer these questions and test the hypotheses, hydrographic surveys were performed using an acoustic Doppler current proﬁler (ADCP) to map the ﬂow structure and
bathymetry of a channelized and an unchannelized lateral outﬂow zone of WLD and based
on the ﬁndings, a conceptual model for the ﬂow structure and transport mechanism was
developed. In the channelized outﬂow zone, three coherent turbulent structures — a clockwise cell in the main channel, a counterclockwise cell in the main channel separation zone
on the right bank, and a counterclockwise cell in the lateral channel — were found. From
the analysis of backscatter intensity, the interaction of these coherent structures with suspended sediments and particles were observed. A calculation to identify particle settling
velocity at WLD was performed to understand the entrainment capability of the circulation
cells, and it showed that the outﬂow induced coherent circulation cells found in the site
was capable of carrying suspended particles up to 200µm into the lateral channel and then
to the island interior. There was signiﬁcant agreement with the circulation cell orientation
and the recirculation zones found by other authors [Neary et al., 1999; Herrero et al., 2015;
Dutta et al., 2017] who studied 90°open channel diversions. Most previous experiments
and numerical studies of diversions were performed in setups where the lateral and main
channel bottoms were at the same elevation. However, the studied site in this thesis had
discordance between main and lateral channel beds, and there were some disagreements in
the ﬂow structure too. Specially, the existence of the counter-rotating circulation cell in
the separation zone upstream of the lateral channel has not been noted by the previous
studies. The Bulle Eﬀect [Bulle, 1926], which was observed in the experiments performed
on non-discordant systems, was not observed in this study. Instead, the ﬂow structure and
backscatter intensity data from the ﬁeld trips suggest that the counter-rotating coherent
secondary circulation cell might be the mechanism carrying suspended sediments through
the lateral channels into the islands. Additionally, no shallow bar was observed on the
opposite bank downstream of the lateral channel, which may be attributed to the environmental set up of the lateral channel and the presence of a strong lateral ﬂow through
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a crevasse on the opposite bank of the lateral channel. The bed morphology inside the
lateral channel was found to be signiﬁcantly inﬂuenced by the counterclockwise coherent
secondary circulation as evidenced through scour on the outer bank and deposition on the
inner bank. However, the horizontal coherent turbulent structures like Kelvin Helmolz
Coherent Structure (KHCS), which is a horizontal structure observed in the previous studies [van Prooijen et al., 2005; Truong et al., 2019; Proust and Nikora, 2019] to contribute
greatly on the momentum exchange between channel and ﬂoodplain, could not be observed
with the methodology used in this study. No signiﬁcant eﬀect of tide on the secondary ﬂow
structures in the channelized system was observed, though the depth-averaged velocity was
found to be inﬂuenced by tides.
No signiﬁcant coherent turbulent structure was observed in the unchannelized outﬂow
region of the delta during the survey at any tidal regime, though there were visible changes
in ﬂow structure with changing tides. The observations in this thesis suggest advective
sediment transport mechanism to the islands [Adams et al., 2004] in the unchannelized region, as also observed by Shaw et al. [2016]. Natural levees in the unchannelized zones were
observed in the literature to be gently sloped and widespread along the island edge. The
eﬀect of outﬂow on ﬂow structure is minimal as the momentum transfer occurs over a large
distance, unlike the smaller outﬂow length, i.e., the lateral channel width for channelized
system. But the observation of steep-sloped narrow levee by Bevington and Twilley [2018]
right after the 2011 ﬂood in WLD suggests a transfer of sediment by turbulent diﬀusion.
The observation led to the hypothesis that the sediment transfer mechanism at the unchannelized part of the delta may shift from advective transfer to turbulent diﬀusion if a certain
outﬂow momentum ﬂux ratio, which is the ratio between momentum ﬂux for lateral outﬂow and main channel ﬂow per unit length of outﬂow, threshold is reached during ﬂoods.
Above the threshold, KHCS and secondary currents may form in the distributary channel,
and these secondary ﬂow structures can dominate the sediment transport mechanism and
below the threshold, the water level gradient controls the advective transport of sediments
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to the islands.
The eﬀect of vegetation was integrated in the ﬁeld data, and it is currently not considered as a segregated part of this thesis, though they can have a signiﬁcant impact on ﬂow
structure, transport, and retention of sediments. Therefore, the threshold outﬂow momentum ﬂux ratio can vary from what is suggested here based on the presence of vegetation.
A detailed numerical simulation is thus required to come to a more precise limit for the
threshold.
This thesis carries signiﬁcant importance to diversion design features and operation.
For a discordant system, this study suggests that the maximum grain size of suspended
sediments carried inside the lateral channel may depend on the strength of the secondary
circulation cell in the separation zone. It is also proposed that the circulation strength may
depend on the outﬂow momentum ﬂux ratio. These ﬁndings can help diversion designs
and also to plan operation based on the available lateral momentum ﬂux allowing the
operators control over the grain size distribution inside diversions. Detailed numerical and
experimental study is required to test the inﬂuence of outﬂow momentum ﬂux on the grain
size distribution transported through diversion structures.
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Chapter 6
Future Work
As with any scientiﬁc study, this research leads to more questions than answers. Flow
structure study in the channelized and unchannelized ﬂow zone in a deltaic environment
has led us to the problem of outﬂow momentum ﬂux ratio threshold. As it has been
hypothesized about the threshold being a control of formation of secondary circulation,
further study is needed to deﬁne the value of the threshold. Performing an iterative study
using numerical simulation of the system using diﬀerent ratios along with the parameters
found in this thesis can help ﬁnd a more concise value for the threshold and help diversion
operation in discordant systems. Also, it is diﬃcult to segregate the eﬀect of vegetation on
the ﬂow structure from the current ﬁeld data which should also be tested using simulation.
A calibration of the backscatter intensity data using suspended sediment sampling should
be performed to better interpret the suspended sediment concentration.
Gaweesh and Meselhe [2016] stated that it is impossible to eliminate shoaling downstream of the diversion. In the system we studied, we didn’t observe any shoaling downstream, which indicates having a crevasse on the opposite bank may take in the sediments
and prevent the shoaling from happening. Testing the viability of this idea might be a new
way to an eﬃcient diversion design without the problem of shoaling downstream.
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Appendix A
Data Summary
Table A.1 summarizes the data collected during all ﬁeld trips from April 2019 to
September 2019 and the associated calculated discharges.
Table A.1. Discharge Summary of Hydrographic Surveys
Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

362.69

3307.63

5190.865

5339.887

395.57

3782.69

5488.909

674.11

2390.97

1519.057

672.46

2411.98

1529.167

671.69

2382

1532.398

299.64

1125.43

824.946

289.95

1094.93

809.215

231.9

819.77

672.125

238.72

838.29

629.681

234.68

808.04

684.106

244.34

868.61

630.037

252.66

954.04

834.804

258.87

980.4

856.4

259.14

976.03

860.532

259.54

980.64

869.56

434.23

1209.34

879.371

427

1219

894.817

420.54

1179.87

891.077

424.87

1223.02

899.178

April 15, 2019
Apex

GAD U

Mallard Pass

M1

M2

M3

(table cont’d.)
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1526.874

817.081

653.98725

854.998

893.645

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

M4

243.88

875.12

818.199

828.946

248.33

880.55

823.202

254.73

895.56

836.655

252.72

891.35

837.726

233.24

885.92

846.795

240.71

901.63

861.506

235.98

890.35

854.548

240.48

898.3

863.464

81.2

125.1

60.72

82.79

127.47

59.358

88.83

126.55

60.264

86.11

120.03

54.934

67.49

107

59.572

63.02

101.28

56.796

62.54

97.4

56.348

63.24

101.89

58.72

68.56

108.23

57.616

68.14

110.34

56.579

67.09

106.31

57.518

65.01

104.59

58.766

62.02

98

57.55

60.94

97.79

58.007

59.61

95.72

57.28

58.16

96.54

56.952

M5

L1

L2

L3

L4

June 9, 2019
(table cont’d.)
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856.578

58.819

57.859

57.61975

57.44725

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

Apex

317.89

3717.96

5995.095

5943.855

321.75

3736.57

5892.615

653.95

2315.75

1820.263

651.99

2307.83

1824.433

393.99

1516.84

1454.075

389.86

1508.35

1438.581

396.63

1528.9

1455.346

394.25

1504.96

1448.065

393.1

1512.22

1465.799

391.77

1499.54

1458.021

383.83

1503.15

1473.467

388.34

1495.62

1469.7

386.93

1528.32

1478.598

396.05

1512.77

1477.741

414.69

1546.76

1482.843

412.66

1564.28

1486.826

400.49

1480.55

1513.681

400.76

1456.22

1493.749

392.36

1425.24

1485.785

392.98

1427.53

1508.692

461.45

1555.08

1502.827

463.89

1547.05

1506.047

465.79

1570.57

1516.204

471.32

1571.14

1514.577

GAD U

A1

A2

A3

N1

N3
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1822.348

1449.017

1466.748

1481.502

1500.477

1509.914

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

N5

536.52

1634.7

1423.502

1432.601

525.86

1641.5

1432.091

524.93

1614.46

1437.195

524.76

1629.03

1437.615

249.12

874.72

942.389

245.04

861.52

926.991

252.63

880.36

942.226

250.42

875.05

937.685

266.71

910.58

927.515

269.76

921.76

927.268

262.55

890.17

900.65

253.78

866.04

885.557

459.21

1192.07

910.509

380.67

1077.89

920.381

356.36

1046.53

910.578

352.01

1028.55

896.235

247.6

874.73

833.517

248.9

878.61

841.496

250.99

880.35

835.199

249.5

877.8

837.514

277

901.92

831.236

272.61

897.31

813.928

275.33

897.47

814.35

273.9

900.88

828.782

June 10, 2019
M1

M2

M3

M4

M5

(table cont’d.)
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937.32

910.2475

909.426

822.074

836.9315

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

L1

92.6

134.91

47.589

47.721

87.45

131.25

47.596

77.61

108.17

46.274

81.05

116.8

49.425

67.93

86.08

46.468

67.34

88.42

48.82

71.48

90.49

47.511

67.63

88.66

47.403

64.16

85.6

48.699

62.71

85.93

50.155

60.91

83.58

48.11

59.35

83.51

49.211

60.72

82.62

48.475

60.21

79.81

46.799

56.15

80.67

48.141

56.88

79.8

48.96

61.28

88.17

51.06

63.2

87.71

52.249

61.01

86.81

51.945

61.65

87.66

51.703

67.26

84.84

49.972

68.29

88.23

52.461

59.89

80.65

49.565

59.44

80.68

49.771

L2

L3

L4

L5

L6

September 13, 2019
(table cont’d.)
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47.5505

49.04375

48.09375

51.73925

50.44225

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

Apex

335.56

3887.94

2209.661

2209.661

GAD U

359.92

1341.07

382.957

388.6325

375.13

1386.8

394.308

524.3

1572.59

347.652

523.99

1600.13

349.58

518.5

1601.25

315.282

521.6

1613.21

282.97

473.99

1496.25

467.03

1484.33

449.61

1430.32

470.85

1489.19

490.57

1549.56

379.458

487.44

1554.29

363.453

491.33

1561.16

356.088

499.49

1571.15

371.17

456.76

1324.36

239.06

450.55

1318.72

238.024

461.85

1315.25

231.934

388.23

1260.1

207.98

369.79

916.67

148.798

368.55

997.14

162.462

362.58

1008.99

164.091

384.43

1222.57

198.12

N5

N6

N7

N9

N10

(table cont’d.)
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323.871

367.54225

229.2495

168.36775

Transect

Width(m)

Area(m2 )

Total Q, m3 /s

Average, m3 /s

366.43

1408.58

526.841

522.2045

380.51

1426.02

517.568

525.49

1592.79

388.681

534.14

1623.37

403.799

504.88

1575.9

423.663

513..43

1604.85

376.719

498.68

1608.68

-

-

481.49

1565.85

474

1527.77

476.95

1539.33

515.58

1616.78

-

-

514.76

1595

511.08

1574.78

485.48

1514.76

375.14

1187.1

302.104

277.7615

388.79

1207.11

291.255

394.49

1225.29

288.281

375.93

1221.22

229.406

378.18

1183.04

343.819

376.67

1167.71

373.428

380.96

1186.94

376.577

359.63

1137.74

350.129

September 14, 2019
GAD U

N5

N7

N8

N9

N10

69

398.2155

360.98825

Appendix B
Field Condition
Fig. B.1 and B.2 show the water-level variation during the survey periods.
(a)

M1
M2
M3
M4
M5
L1

L2
L3

L4

(b)

M5
M4
M3
M2
M1

L6
L4

L2
L1

L5
L3

Figure B.1. The measured water levels at the NOAA Lawma-Amerada Pass station (NOAA
# 8764227) during (a) 15 April and (b) 10 June
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Figure B.2. The measured water levels at the NOAA Lawma-Amerada Pass station (NOAA
# 8764227) during (a) 13 September and (b) 14 September
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Fig. B.3 shows the discharge variation during water year 2019 and Fig. B.4 shows the
measured water-level and windspeed during the same period.
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Figure B.3. The discharge in the Wax Lake Outlet at the USGS Gauge # 07381590 in
Calumet, LA during water year 2019, green verticals indicate survey periods.
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Figure B.4. (a) The measured water levels at the NOAA Lawma-Amerada Pass station
(NOAA # 8764227) and (b) measured wind speed at the NOAA Eugene Island, North of
LA station (NOAA # 8764314) during water year 2019. Green verticals indicate survey
periods.
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